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Flexible  and  lightweight  organic  thermoelectric  (TE)  devices  have  potential  applications  in  self-powered 
health  monitoring  for  humans  and  wearable  self-powered  gas/chemical  detection.  Two  flexible  and  free¬ 
standing  polypyrrole  (PPy)  nanotube  films  (PPy-1  and  PPy-2)  have  been  fabricated  and  the  structures, 
morphologies  and  thermoelectric  properties  of  the  as-prepared  PPy  films  have  been  carefully  investi¬ 
gated.  Our  results  show  that  the  smaller  size  and  longer  length  of  PPy  nanotubes  are  helpful  to  enhance 
the  electrical  conductivity  and  Seebeck  coefficient  while  size  and  length  have  less  effect  on  thermal 
conductivity. 

©  2014  Elsevier  B.V.  Ah  rights  reserved. 


1.  Introduction 

The  energy  crisis,  green-house  effect,  and  enormous  amounts  of 
unused  waste  heat  (generated  by  industry,  home  heating,  and  auto¬ 
motive  exhaust)  have  created  a  strong  demand  for  high-efficient 
heat-to-electric  generators.  Thermoelectric  (TE)  devices  are  such  a 
device,  which  can  directly  convert  heat  into  electrical  energy  with¬ 
out  complicated  structures  and  moving  parts,  and  vice  versa  [1-5]. 
Traditional  TE  materials  are  heavily  dependent  on  low  bandgap 
inorganic  semiconductors  such  as  bismuth  chalcogenides,  lead  tel- 
luride  and  tin  selenide  and  their  ZT  value  (an  important  factor  to 
evaluate  TE  materials)  can  be  as  high  as  2.2  [6-8].  Recently,  organic 
TE  materials  have  received  a  lot  of  research  interests  because  these 
materials  have  their  own  advantages  such  as  low  density,  low  ther¬ 
mal  conductivity,  low  cost,  and  easy  to  synthesize  or  process  [9-13]. 
Although  the  thermal  stability  of  organic  TE  materials  (most  are  TE 
polymers)  cannot  support  them  to  be  used  in  medium  and  high 
temperature,  on-demand  cooling  and  low-end  waste  heat  man¬ 
agement  under  low  temperature  could  be  their  main  focus  [14]. 
In  addition,  theoretical  study  has  already  shown  that  TE  perfor¬ 
mance  of  quasi-one-dimensional  (ID)  organic  crystals  at  room 
temperature  could  reach  a  very  high  value  if  they  could  linearly 
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stack  into  one  chain  and  then  furthermore  pack  into  a  3D  crys¬ 
tal  [15-17].  Recently,  the  development  of  flexible  and  lightweight 
organic  TE  devices  has  attracted  great  attention  due  to  their  poten¬ 
tial  applications  in  self-powered  health  monitoring  for  humans 
and  wearable  self-powered  gas/chemical  detection  without  wiring 
[18-21].  However,  most  of  the  reported  flexible  TE  devices  are 
based  on  carbon  nanotubes  (CNTs)  and  graphene,  whose  prices 
have  posed  a  limitation  for  their  practical  applications. 

As  one  member  of  conducting  polymer  family,  polypyrrole  (PPy) 
has  attracted  much  interest  as  a  promising  TE  candidate  owing  to 
its  facile  synthesis,  no  toxicity,  good  electrical  conductivity  and  low 
thermal  conductivity  [22-26].  However,  using  PPy  nanotubes  as  TE 
materials  is  rare.  In  addition,  how  the  size  and  length  of  PPy  nano¬ 
tubes  to  affect  the  TE  performance  (e.g.  electrical  conductivity  and 
Seebeck)  is  still  unclear.  In  this  paper,  for  the  first  time,  we  fabri¬ 
cated  free-standing  PPy  nanotube-based  films  for  TE  applications. 
The  structures,  morphologies  and  thermoelectric  properties  of  the 
as-prepared  PPy  films  have  been  carefully  investigated.  Our  results 
show  that  the  flexible  free-standing  PPy  nanotube  films  have  good 
mechanical  properties  and  considerable  TE  performance. 

2.  Experimental 

2.1.  Preparation  of  PPy  nanotube 

The  PPy  nanotubes  were  prepared  through  two  similar  self- 
degraded  template  methods  [25,26].  In  method  one,  lOmL  HC1 
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solution  (2  M)  was  added  into  300  mL  methyl  orange  (MO)  DI  water 
solution  (5mM).  Then,  0.56  mL  pyrrole  (Py)  monomer  was  put 
into  the  mixture  solution.  After  stirring  for  10  min,  the  aqueous 
solution  (20  mL)  containing  2.5  g  Iron  (III)  chloride  hexahydrate 
(FeCl3-6H20)  was  dropped  into  the  above  solution.  Then,  the 
resulted  mixture  was  kept  stirring  for  4h  at  room  temperature. 
In  method  two,  about  2.6  g  of  FeCl3-6H20  was  added  to  320  mL 
MO  DI  water  solution  (5  mM).  After  stirring  for  20  min,  0.5  mL  Py 
monomer  was  dropped  into  the  mixture  solution,  followed  by  stir¬ 
ring  for  4  h  at  room  temperature.  The  precipitated  PPy  nanotubes 
from  two  methods  were  washed  several  times  with  DI  water  and 
ethanol  until  the  filtrate  became  colorless  and  neutral. 

2.2.  Preparation  of  free-standing  PPy  nanotube  film 

The  PPy  nanotubes  were  dispersed  into  1  M  HC1  (volume)  and 
stirred  for  12  h  at  room  temperature  before  use.  PPy  nanotubes 
were  centrifuged  and  rinsed  by  deionized  water  and  ethanol.  The 
resulted  nanotubes  were  dispersed  in  ethanol  again  and  the  sus¬ 
pension  was  poured  into  a  glass  petri  dish.  The  glass  petri  dish 
was  dried  in  an  oven  at  60  °C  for  12h.  The  PPy-1  and  PPy-2 
nanotube  films  were  obtained  through  the  self-assembly  of  PPy 
nanotubes  (by  method  one  and  two)  during  the  evaporation  of 
ethanol.  Two  free-standing  PPy  films  (PPy-1  and  PPy-2)  have  black 
color  with  smooth  surfaces,  which  are  flexible  and  mechanically 
robust  (Fig.  1). 

2.3.  Characterization 

Fourier  transform  infrared  spectra  (FT-IR)  were  recorded  on  a 
PerkinElmer  Spectrum  BX  FT-IR  spectrometer.  The  thermogravi- 
metric  analysis  (TGA)  was  recorded  by  TA  Instruments  TGA  2950 
under  a  nitrogen  flow  (40  mL/min)  with  a  heating  rate  of  1 0  °C/min. 
The  X-ray  diffraction  (XRD)  patterns  were  measured  by  a  Bruker 
D2  Phaser  X-ray  diffractometer  with  Cu  Ka  radiation  ( A  =  1 .5406  A) 
from  5°  to  60°  at  a  step  of  0.1  °/s.  FESEM  was  performed  on  a 
JEOL/JSM-6340F  with  an  acceleration  voltage  of  5  kV.  TEM  mea¬ 
surements  were  carried  out  using  a  JEOL  JEM-1400  transmission 
electron  microscope  operating  at  an  accelerating  voltage  of  100  kV. 

2.4.  Thermoelectric  properties  measurement 

The  Seebeck  coefficient  and  electrical  conductivity  were  mea¬ 
sured  by  SB-100  Seebeck  Measurement  System  (MMR  Tech.)  and 
KEITHLEY  2002  Multimeter  (Keithley  Instrument  Inc.),  respec¬ 
tively.  The  free-standing  PPy  films  were  cut  into  rectangle  shape 
(2x5  mm)  for  electrical  conductivity  and  Seebeck  coefficient  mea¬ 
surement.  The  thermal  conductivity  was  measured  by  TCi  Thermal 
Conductivity  Analyzer  (C-THERM  Tech.).  The  samples  were  com¬ 
pressed  into  a  disk-like  pellet  with  diameters  of  17  mm,  and 
thickness  of  1-2  mm  for  thermal  conductivity  measurement. 

3.  Results  and  discussion 

The  FT-IR  spectra  of  the  PPy  films  (Fig.  SI  Supporting  Informa¬ 
tion)  showed  characteristic  peaks  at  1515, 1432, 1277, 1111, 1080 
and  1 004  cm-1 ,  which  are  similar  to  those  reported  for  PPy  [27].  The 
bonds  around  1515  and  1432  cm-1  are  assigned  to  the  C— C  and  C— N 
stretching  vibrations  in  the  pyrrole  ring,  respectively.  The  broad 
band  at  1277  cm-1  is  attributed  to  C— H  or  C— N  in-plane  defor¬ 
mation  modes.  The  bonds  around  1111,  1080  and  1000  cm-1  are 
attributed  to  the  C— FI  and  N— FI  in-plane  deformation.  The  X-ray 
diffraction  patterns  of  PPy-1  and  PPy-2  films  were  shown  in  Fig¬ 
ure  S2.  In  general,  the  X-ray  diffraction  patterns  of  PPy  particles 
show  a  broad  scattering  peak  in  the  range  of  20  =  15-30°  [28].  In 
our  research,  two  main  peaks  were  observed  at  1 8  and  26.5°,  which 


indicated  the  good  crystallization  characteristics  of  our  as-prepared 
PPy  tubes.  The  peak  centered  at  20  =  26.5°  of  PPy-2  films,  corre¬ 
sponding  to  the  inter-planar  spacing  of  the  pyrrole  chains,  appears 
sharper  than  that  of  PPy-1  membrane,  indicating  a  more  ordered 
pyrrole  chain  structure  [27,28]. 

The  TEM  images  of  the  different  PPy  nanotubes  (Fig.  2)  showed 
that  the  diameters  of  PPy-1  and  PPy-2  nanotubes  are  about  300 
and  80  nm,  respectively.  The  length  of  PPy-1  tubes  is  shorter  than 
that  of  PPy-2  tubes.  The  well-dispersed  PPy  nanotubes  suspen¬ 
sion  in  ethanol  forms  free-standing  PPy  film  when  they  were  dried 
in  the  container  at  60  °C.  During  the  period  of  the  evaporation  of 
ethanol,  the  nanotubes  spontaneously  self-assembled  into  a  piece 
of  film  with  a  uniform  thickness.  The  SEM  images  of  the  differ¬ 
ent  free-standing  PPy  membrane  are  shown  in  Fig.  3.  Fig.  3a  and  c 
showed  that  the  tangled  PPy  nanotubes  aggregated  to  form  such 
a  membrane  with  an  open  porous  network  structure.  The  lengths 
are  about  1-3  pan  for  PPy-1  tubes  and  10  pm  PPy-2  tubes.  Fig.  3(b) 
and  (d)  displayed  both  cross-sectional  images  of  PPy-1  and  PPy-2 
films,  from  which  the  thickness  of  both  PPy  films  can  be  determined 
to  be  200  pm.  These  images  also  showed  that  the  bundles  of  PPy 
tubes  twined  together  to  form  many  layers,  which  further  stacked 
together  to  produce  the  films.  Clearly,  the  formation  process  of  PPy 
films  is  a  self-assembled  progress.  Compared  with  PPy-1  film,  the 
tubes  in  PPy-2  film  are  more  winding  and  bundling,  which  might 
hint  that  the  conductivity  and  mechanical  strength  of  PPy-2  film 
could  be  better  than  that  of  PPy-1  film. 

The  TE  parameters  of  PPy-1  and  PPy-2  films  at  31 0  K  were  shown 
in  Table  1.  The  conductivities  (cr)  of  PPy-1  and  PPy-2  membrane 
were  about  3.43  and  9.81  S  cm-1,  respectively.  Fig.  4(a)  shows  the 
temperature  dependence  of  electrical  conductivities  for  PPy-1  and 
PPy-2  films.  The  conductivity  of  PPy-2  film  is  about  3  times  higher 
than  that  of  PPy-1  film.  The  PPy-2  film  shows  a  good  linear  rela¬ 
tionship  between  the  ln(cr)  and  the  T-1/2,  indicating  that  the  charge 
transport  of  PPy-2  film  follows  the  quasi-one-dimensional  variable 
range  hopping  (1D-VRH)  model  (Eq.  (1)): 

a(T)  =  a0exp[-(T0/T)1/2]  (1) 

where  cr0  is  a  constant,  T0  is  the  characteristic  Mott  temperature 
that  generally  depends  on  the  carrier  hopping  barriers  [29]. 

Fig.  4(b)  shows  the  temperature  dependence  of  Seebeck 
coefficients  (S)  of  two  films.  The  Seebeck  coefficient  of  PPy-2  film 
is  slightly  higher  than  that  of  PPy-1  film.  The  Seebeck  coefficients 
of  PPy-1  films  have  a  maximum  value  (18.54  p,VK-1)  at  350  K. 
The  maximum  Seebeck  coefficient  of  PPy-2  films  isl8.84  p,VK-1at 
370  K.  The  result  of  TGA  (Fig.  S3)  showed  that  FICl-doped  PPy  film 
lost  its  dopants  between  80  and  100°C.  And,  the  losing  of  dopants 
in  the  polymer  can  decrease  the  Seebeck  coefficient  of  PPy  films. 

Both  electrical  conductivities  and  Seebeck  coefficients  of  PPy- 
2  films  are  higher  than  those  of  PPy-1  films.  These  results  imply 
that  smaller  diameters  are  helpful  to  approach  larger  conductivity 
and  Seebeck  coefficient  of  PPy  nanotubes  film.  Such  a  result  could 
also  be  attributed  to  the  improved  molecular  ordering  of  polymer 
chains,  which  has  also  been  proven  by  the  results  of  XRD. 

When  the  thermal  conductivity  of  materials  is  similar,  the  power 
factor  (PF)  can  be  used  to  compare  TE  performance.  It  can  be  calcu¬ 
lated  by  the  following  Eq.  (2). 

P  =  S2a  (2) 

So  the  power  factor  of  two  PPy  films  was  calculated  in  Table  1. 
The  PF  of  PPy-2  is  0.31  pWm-1  K-2  at  310  K,  which  is  about  three 
times  higher  than  that  of  PPy-1  films. 

Because  PPy  films  are  too  thin  to  measure  their  thermal  con¬ 
ductivity,  disk-like  shape  pellet  made  from  the  compression  of 
PPy  tubes  were  used  for  the  measurement  of  their  thermal  con¬ 
ductivity.  The  temperature-dependent  thermal  conductivity  of  two 
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Fig.  1.  Photographs  of  flexible  free-standing  PPy  nanotube  film. 


Fig.  2.  (a-b)  TEM  images  of  PPy-1  tubes  and  (c-d)  TEM  images  of  PPy-2  tubes. 


samples  (Fig.  4c)  showed  that  the  thermal  conductivity  of  two  sam¬ 
ples  increased  with  the  temperature  rising  and  their  value  are  close 
to  each  other. 

The  figure  of  merit,  ZT  (an  important  factor  to  evaluate  TE  mate¬ 
rials)  can  be  calculated  by  the  following  Eq.  (3). 


where  S  is  the  Seebeck  coefficient,  T  is  absolute  temperature,  a  and 
k  is  electrical  and  thermal  conductivity,  respectively  30].  As  shown 
in  Fig.  4(d),  the  ZT  values  of  PPy-2  film  increases  with  the  temper¬ 
ature  rising.  The  ZT  value  of  PPy-2  film  is  5.71  x  10-4  at  31  OK  and 
ZTmax  is  7.84  x  1 0-4  at  370  K.  In  the  meanwhile,  the  ZT  value  of  PPy- 
1  film  is  only  1 .92  x  1 0~4  at  3 1 0  K  and  ZTmax  is  2.53x1 0~4  at  350  K. 
Because  of  the  higher  conductivity  and  higher  Seebeck  coefficient 


Table  1 

The  TE  parameters  of  PPy-1  and  PPy-2  films  at  310  K. 


Conductivity  (S  cm-1 ) 

Seebeck  coefficient  (pA/K-1 ) 

PF  (iJLWm-1  K"2) 

Thermoconductivity  (Wm-1  K-1 ) 

ZT  (10“4) 

PPy  1 

3.43 

16.51 

0.09 

0.15 

1.92 

PPy  2 

9.81 

17.68 

0.31 

0.17 

5.71 
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Fig.  3.  (a)  Surface  and  (b)  cross-sectional  SEM  images  of  free-standing  PPy-1  film,  (c)  surface  and  (d)  cross-sectional  SEM  images  of  free-standing  PPy-2  film. 


j-M2  (K-1/2)  T  (K) 


T(K) 


T  (K) 


Fig.  4.  The  temperature  (T)  dependence  of  (a)  electrical  conductivity  (or);  (b)  Seebeck  coefficient  (S);  (c)  thermal  conductivity;  (d)  figure-of-merit  ZT  of  PPy-1  and  PPy-2  films. 
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of  PPy-2  film,  the  ZTmax  value  of  PPy-2  films  is  about  3  times  higher 
than  that  of  PPy-1  film. 

4.  Conclusions 

Two  flexible  free-standing  PPy  nanotube  films  were  prepared 
and  their  morphologies  and  TE  performances  have  been  investi¬ 
gated.  Since  PPy-2  films  have  small  diameter  and  longer  length 
of  nanotubes  and  the  tubes  in  the  same  film  are  more  winding 
and  bundling,  the  conductivity  and  Seebeck  coefficient  of  PPy-2 
film  are  much  higher  than  these  of  PPy-1  film.  These  results  imply 
that  smaller  diameters  and  good  molecular  ordering  of  polymer 
chains  are  helpful  to  the  larger  conductivity  and  Seebeck  coeffi¬ 
cient.  The  ZT  value  of  PPy-2  film  is  5.71  x  10-4  at  310  K  and  ZTmax 
is  7.84  x  10-4  at  370  K,  which  is  about  3  times  larger  than  that 
of  PPy-1  film.  Compared  to  TE  devices  based  on  the  typical  inor¬ 
ganic/organic  TE  materials,  the  invention  of  TE  device  employing 
free-standing  PPy  nanotube  films  could  benefit  the  production  of 
low-cost  flexible  TE  heating/cooling  devices.  The  further  enhance¬ 
ment  of  thermoelectric  performance  of  PPy  film  through  doping  is 
still  under  investigation. 
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